Introduction
In mammals, pain-producing stimuli are detected by nociceptive neurons whose cell bodies are located in the dorsal root ganglia (DRGs) and trigeminal ganglia. Most nociceptive neurons can be divided into peptidergic and nonpeptidergic subsets, with peptidergic neurons marked by the neuropeptide calcitonin generelated peptide (CGRP) and nonpeptidergic neurons marked by the isolectin B4 (IB4) (Molliver et al., 1997; Hunt and Mantyh, 2001; Woolf and Ma, 2007) . Nociceptive neurons are activated peripherally by noxious thermal, mechanical, and chemical stimuli (Perl, 1996) . Following activation, nociceptive signals are relayed from the dorsal horn of the spinal cord to the brain, where pain is perceived.
The G-protein-coupled receptor (GPCR) Mrgprd molecularly marks ϳ75% of all IB4 ϩ nonpeptidergic nociceptive neurons and these Mrgprd ϩ neurons exclusively innervate skin and terminate in lamina II (the substantia gelatinosa or SG) of dorsal spinal cord (Dong et al., 2001; Zylka et al., 2003 Zylka et al., , 2005 . Within the skin, Mrgprd ϩ neurons innervate the most superficial layer of epidermis, the stratum granulosum, while peptidergic CGRP ϩ neurons innervate the underlying stratum spinosum. These anatomical differences suggest Mrgprd ϩ neurons might have unique sensory functions. Indeed, dissociated Mrgprd ϩ neurons respond selectively to extracellular ATP in culture and have physiological properties that are typical of nociceptors (Dussor et al., 2008) . Moreover, ablation of Mrgprd ϩ neurons produces selective deficits in behavioral responses to mechanical stimuli (Cavanaugh et al., 2009 ) even though Mrgprd ϩ neurons respond to noxious thermal and mechanical stimuli (Rau et al., 2009) . Conversely, the capsaicin and noxious heat receptor TRPV1 is found in many peptidergic CGRP ϩ neurons and ablation of TRPV1 ϩ spinal terminals produces selective deficits in behavioral responses to noxious thermal stimuli (Karai et al., 2004; Cavanaugh et al., 2009) . While these studies suggest that behaviorally relevant stimulus modalities are first segregated at the primary afferent level, these studies also raise the question of how modality-selective information remains segregated at higher levels in the nervous system.
To study Mrgprd ϩ neuron connectivity at the spinal level, we genetically targeted ChR2-Venus to the Mrgprd locus by homologous recombination. ChR2 is a blue light-gated ion channel that can be used to activate neurons with millisecond precision (Nagel et al., 2003; Boyden et al., 2005; Li et al., 2005; Bi et al., 2006; Arenkiel et al., 2007; Hwang et al., 2007; Campagnola et al., 2008) . In addition, photostimulation of ChR2 can be used to map circuit connectivity (Petreanu et al., 2007; Wang et al., 2007; Zhang and Oertner, 2007; Liewald et al., 2008) . Our studies with ChR2 reveal that Mrgprd ϩ neurons innervate ϳ50% all SG neurons, including monosynaptic connections with most known cell types in the SG. This finding suggests Mrgprd ϩ sensory input is processed by afferent-selective modules made up of diverse SG cell types. This modular organization has implications for how modality-selective sensory information is segregated within the dorsal spinal cord. Moreover, our findings extend previous studies showing that circuitry within the SG is modular and highly organized Perl, 2003, 2005; Yasaka et al., 2007; Kato et al., 2009 ).
Materials and Methods
All procedures involving vertebrate animals were approved by the Institutional Animal Care and Use Committee at the University of North Carolina at Chapel Hill.
Generation of Mrgprd-ChR2-Venus knock-in mice. The arms of the Mrgprd targeting construct were subcloned from a 129/SvJ genomic DNA BAC and amino acids # 2-315 were eliminated from the 321 amino acid coding region of Mrgprd (GenBank accession # AAK91800). Mammalian codonoptimized ChR2(H134R)Venus, described by Campagnola et al. (2008) , followed by a self-excising loxP-flanked pol-II promoter-neomycin resistance cassette (ACN) (Bunting et al., 1999) was ligated in-frame to the start codon of Mrgprd. Homologous recombination was performed in mouse E14 embryonic stem cells following standard procedures. Correctly targeted cells were identified by Southern blot hybridization using probes that flanked the 5Ј and 3Ј arms of the targeting constructs, as well as an internal neomycin probe. Chimeric mice were produced by blastocyst injection and mated to C57BL/6 mice to establish the line. Tissue was obtained from mice that were backcrossed to C57BL/6 mice for two generations. As previously reported, deletion of Mrgprd did not affect viability or result in obvious anatomical or behavioral abnormalities (Zylka et al., 2005) .
Mrgprd-ChR2-Venus mice were genotyped by PCR amplification of tail genomic DNA with primers (MrgD-2: 5Ј GGATCATGACCG-GCATGAAGATC; MrgD-9: 5Ј GGTAGATTCAGGCACAGTGGGAG; hChR2_Arg2: 5Ј GTGAGGTTGCTCAGGCGGATAAGGATGACAG). These primers detected the wild-type allele (668 bp) and knock-in allele (500 bp).
Cell culture. DRG neurons from all spinal levels were dissected from postnatal day 30 -60 mice and cultured with 100 nM all-trans retinal as described previously (Campagnola et al., 2008) .
Histology. Adult male mice, 6 -12 weeks of age, were killed by cervical dislocation, decapitation or pentobarbital overdose. Lumbar spinal cord, DRGs (L4 -L6) and skin were dissected then immersion-fixed for 8, 4, and 3 h, respectively, in 4% paraformaldehyde, 0.1 M phosphate buffer, pH 7.4. Tissues were cryoprotected in 30% sucrose, 0.1 M phosphate buffer, pH 7.3 at 4°C for 24 -48 h, frozen in OCT, sectioned with a cryostat at 20 m, and mounted on Superfrost Plus slides. Slides were stored at Ϫ20°C. Alternatively, free-floating sections were sectioned at 30 m and immediately stained.
Immunofluorescence was performed using antibodies and procedures as previously described (Zylka et al., 2005 . We used high-salt TBSϩTX (50 mM Tris, 2.7% NaCl, 0.3% Triton X-100, pH 7.6) in all wash and antibody incubation steps. To stain nuclei, 1:10,000 Draq5 was added to the secondary antibody mixture. The avidin-biotin complex reaction with Texas red was used to visualize cells labeled with biocytin during whole-cell recordings. Images were obtained using a Zeiss LSM 510 NLO confocal microscope.
Photostimulation. We used an Intensilight mercury fiber illuminator (Nikon), an Improvision Microshutter and Shutter hub under TTL pulse control and the Semrock BriteLine FITC-3540B filter set (exciter: 482 Ϯ 18 nm; emitter: 563 Ϯ 20 nm; dichroic: 446 -500 nm reflection band, 513-725 nm transmission band).
Electrophysiology. ChR2-Venus-expressing DRG neurons were identified using an epifluorescence microscope (Nikon Eclipse FN1) equipped with a 40ϫ water-immersion objective (NIR Apo 40ϫ/0.80W, Nikon). Neurons were perfused during recording in oxygenated (95% O 2 , 5% CO 2 ) bath solution at room temperature consisting of the following (in mM): 10 HEPES, 140 NaCl, 4 KCl, 2 MgCl 2 , 2 CaCl 2 , 5 glucose, pH 7.4, 300 mOsM. Pipette solution for DRG neurons and SG neurons contained the following (in mM): 130 potassium gluconate, 5 NaCl, 1 CaCl 2 , 1 MgCl 2 , 11 EGTA, 10 HEPES, 4 NaATP; pH was adjusted to 7.3 with KOH, and osmolarity was 295 mOsM. Patch pipettes for DRG and SG neurons were made of borosilicate glass and had a resistance of 3-6 M⍀ when filled with pipette solution.
Patch-clamp recordings of spinal cord slices were performed as described previously (Grudt and Perl, 2002; Hantman et al., 2004) , with minor modifications. Briefly, mice (28 -56 d old) were deeply anesthetized with urethane (1.5 g/kg, i.p.). The lumbar spinal cord was quickly dissected and slices (450 -500 m thick) were prepared using a Vibratome 3000 EP in cutting solution containing the following (in mM): 75 sucrose, 80 NaCl, 2.5 KCl, 0.5 CaCl 2 , 7 MgCl 2 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 ). Slices were incubated at 37°C for 45 min in artificial CSF (ACSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 2.0 CaCl 2 , 1.0 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 25 D-glucose, pH 7.4. Slices were then incubated at room temperature until recording. All solutions were bubbled with 95% O 2 and 5% CO 2 during the cutting and incubation steps described above.
Spinal cord slices were superfused with ACSF bubbled with 95% O 2 and 5% CO 2 at room temperature (6 -10 ml/min) in a recording chamber mounted on a Nikon FN1 microscope. Infrared-differential interference contrast (IR-DIC) illumination was used to visualize neurons in the SG for patch-clamp recordings. Mrgprd ϩ afferents terminate in the SG (Fig. 1 E, lamina II) (Zylka et al., 2005) .
Physiological and morphological characterization of SG neurons. We physiologically and morphologically characterized SG neurons using previously described procedures and cell type designations (Grudt and Perl, 2002; Perl, 2003, 2005; Maxwell et al., 2007; Yasaka et al., 2007) . Briefly, sagittal slices (450 -500 m thick) with one dorsal root attached were cut from mouse spinal cord (28 -56 d old) and whole-cell recordings were made from SG neurons as described above except pipettes were backfilled with pipette solution containing 0.5% biocytin. The firing pattern of each neuron was determined to 1 s depolarizing pulses (Ϫ60 to Ϫ20 mV) from a holding potential of Ϫ60 mV in currentclamp mode. We then switched to voltage-clamp mode and photostimulated the recorded cell with five 1000 ms pulses of blue light (1 min interpulse interval). We monitored series resistance during recording and discarded cells if resistance changed by Ͼ20%. Dorsal root conduction velocity was estimated from the latency of the EPSCs and the conduction distance. Following immersion fixation of slices, we visualized biocytin-filled neurons with streptavidin-Texas red and confocal microscopy.
SG neuron types were defined as follows.
(1) Radial cell: For radial cells, dendrites extend in all directions relative to soma and lack distinctive electrophysiological characteristics. (2) Tonic central cell: Tonic central cells fire action potentials regularly during the full duration of a depolarizing current. On confocal reconstruction, dendritic tree extends ϳ300 m rostral-caudally from the cell soma and Ͻ60 m in the dorsal-ventral plane. (3) Transient central cell: Transient central cells promptly but transiently fire one or a few action potentials following step depolarization. Dendritic tree is oriented rostral-caudally and extends ϳ300 m in a sagittal plane from the cell soma. (4) Vertical cell: Most vertical cells show delayed discharge of action potentials to step depolarization and spike frequency adaptation. Dendritic distribution is primarily ventral to the cell soma. (5) Islet cell: Islet cells tonically fire action potentials during maintained depolarization, exhibit a short latency to the first spike, and show little to no spike frequency adaptation. Dendritic trees extend in the rostral-caudal direction at least 400 m on each side of the cell body with particularly extensive dendritic branching. (6) Antenna cell: The cell body located in deep lamina II or lamina III. Dendritic distribution is dorsal and terminate in lamina I (Maxwell et al., 2007) . (7) Unclassified cell: Unclassified cells are those that do not fit the categories above.
Results

Genetically precise targeting of ChR2 to nonpeptidergic Mrgprd
؉ nociceptive neurons Mrgprd is expressed in nonpeptidergic polymodal nociceptive neurons that innervate the skin and lamina II of the dorsal spinal cord (Dong et al., 2001; Zylka et al., 2003 Zylka et al., , 2005 Rau et al., 2009) . To selectively express ChR2 in this subset of nociceptive neurons, we targeted the H134R mutant of ChR2-Venus to the Mrgprd locus using homologous recombination in embryonic stem cells and then generated Mrgprd⌬ hChR2(H134R)Venus (henceforth abbreviated Mrgprd-ChR2-Venus) knock-in mice. We found that the ChR2 H134R mutant conducts 3.0-fold more peak and 4.1-fold more steady-state current in HEK293 cells when compared with wild-type ChR2 (data not shown), consistent with previous studies Gradinaru et al., 2007) .
To determine whether Mrgprd-ChR2-Venus was expressed in nonpeptidergic neurons, we triple stained DRG and spinal cord sections from Mrgprd-ChR2-Venus mice with antibodies to GFP (which also detect Venus), the plant lectin IB4 and antibodies to CGRP. Consistent with our previous studies (Zylka et al., 2005) , virtually all (99.6%) Mrgprd-ChR2-Venus ϩ neurons were labeled with the nonpeptidergic neuron marker IB4 ( Fig. 1 A-D, arrowheads) whereas few (3.8%) contained high levels of the peptidergic neuron marker CGRP. Conversely, Mrgprd-ChR2-Venus was expressed in 81.5% of all IB4 ϩ neurons and 4.0% of all strongly CGRP ϩ neurons (Ͼ290 cells counted per marker combination).
In addition, ChR2-Venus was colocalized with the nonpeptidergic marker IB4 on axon terminals in lamina II of the spinal cord ( Fig. 1 E, F,H ). There was little overlap between ChR2-Venus and peptidergic CGRP ϩ terminals in dorsal spinal cord (Fig. 1 E, G,H ). ChR2-Venus was also localized to free nerve endings in glabrous and hairy skin (Fig. 2) . In the glabrous skin, these endings were morphologically distinct from CGRP ϩ endings and terminated in the outermost living cell layer of epidermis, the stratum granulosum (Fig. 2 A-C) . Collectively, these histochemical studies indicated that ChR2-Venus was selectively expressed in nonpeptidergic Mrgprd ϩ neurons and labeled peripheral and central axon terminals as effectively as membrane-targeted axonal tracers (Leighton et al., 2001; Zylka et al., 2005) .
Photostimulation of Mrgprd
؉ DRG neurons in culture Since ChR2-Venus was expressed in Mrgprd ϩ DRG neurons, this suggested it might be possible to photostimulate Mrgprd ϩ neurons. To test this, we performed whole-cell recordings with dissociated DRG neurons from our Mrgprd-ChR2-Venus mice (Fig.  3A, inset) . All Mrgprd-ChR2-Venus ϩ neurons (identified using intrinsic Venus fluorescence) from heterozygous and homozy- gous mice (n ϭ 18 and 11 neurons, respectively) displayed lightevoked photocurrents upon brief (4 ms) and prolonged (1 s) illumination (Fig. 3 A, B) . Heterozygous mice express one copy of ChR2 whereas homozygous mice express two copies of ChR2. In addition, light stimulation evoked action potentials in 68% (17 of 25 neurons) and 94% (29 of 31 neurons) of all Mrgprd-ChR2-Venus ϩ DRG neurons from heterozygotes and homozygotes, respectively. In heterozygotes, the maximum firing rate was 2 Hz for pulsed light (Fig. 3C ) and 7 Hz for continuous illumination (Fig. 3D) . In homozygotes, the maximum firing rate was 7 Hz for pulsed light and 13 Hz for continuous illumination (data not shown). The latency between light-onset and action potential peak in Mrgprd-ChR2-Venus ϩ/Ϫ and Mrgprd-ChR2-Venus Ϫ/Ϫ DRG neurons was 21.0 Ϯ 1.4 ms (n ϭ 17 spikes) and 19.9 Ϯ 0.3 ms (n ϭ 190 spikes), respectively. The spike jitter (average SD of the light-evoked spike latency from each neuron) of MrgprdChR2-Venus Ϫ/Ϫ DRG neurons (n ϭ 20) was 1.3 Ϯ 0.3 ms. We did not observe photocurrents or light-evoked action potentials in neurons lacking ChR2.
Mrgprd
؉ neurons are monosynaptically coupled to most known classes of SG neurons Considering that Mrgprd-ChR2-Venus ϩ neurons can be "optogenetically" activated, this suggested it might be possible to identify the postsynaptic targets of Mrgprd ϩ neurons using ChR2-assisted circuit mapping (Petreanu et al., 2007) . This technique can be used to map connections between presynaptic ChR2 ϩ axons (even when they are severed from their cell bodies in tissue slices) and their postsynaptic targets. Moreover, this technique can be used to assess whether connectivity is monosynaptic or polysynaptic based on spike jitter. First, we assessed whether light-evoked EPSCs (EPSC L s) could be generated in spinal cord slices from Mrgprd-ChR2-Venus mice (Fig. 4 A) . We exclusively recorded from neurons in lamina II (the substantia gelatinosa or SG) of spinal cord because anatomical studies suggest Mrgprd ϩ afferents terminate in lamina II but not deeper lamina (Fig. 1 E) (Zylka et al., 2005) . We found that brief light pulses evoked a single EPSC L in 50% (4 of 8 neurons) and 50% (134 of 269 neurons) of the SG neurons from heterozygous and homozygous mice, respectively (Figs. 4, 5) . Excitatory connectivity is consistent with previous studies showing that all DRG neurons are glutamatergic and evoke AMPA receptor-dependent EPSCs when stimulated (Jahr and Jessell, 1985; Schneider and Perl, 1985; Yoshimura and Jessell, 1990) . These EPSC L s were exclusively generated as a result of photostimulation of Mrgprd-ChR2-Venus ϩ axon terminals because DRG neurons were not attached to the slices. No EPSC L s were generated in slices from wild-type mice. Low-frequency light pulses failed to generate multiple large amplitude EPSC L s (Fig. 4 B) . However, additional single EPSC L s could be generated by introducing a 0.5-1.5 min delay between light presentations (Fig. 4C) . And, in most neurons, these EPSC L s were similar in amplitude following each light pulse (Figs. 4C, 5) . Bath application of the sodium channel blocker tetrodotoxin (TTX; 0.5 M) inhibited EPSC L s in all SG neurons tested (n ϭ 3) (Fig. 4 D) , indicating that EPSC L s were caused by sodium-dependent action potentials in Mrgprd ϩ axon terminals. These TTX experiments ruled out the possibility that EPSC L s were caused by calcium influx through ChR2 (Nagel et al., 2003) followed by direct stimulation of calcium-dependent neurotransmitter release. TTX does not block ChR2 photocurrents (Zhang and Oertner, 2007; Kuhlman and Huang, 2008) but did block EPSC L s, thus ruling out the possibility that EPSC L s were due to ectopic expression of ChR2 in SG neurons. Last, ChR2-Venus was not present in the somas of SG neurons (Fig.  1E) , further ruling out ectopic expression of ChR2-Venus. Next, to determine whether Mrgprd ϩ neurons were monosynaptically connected to some or all known classes of SG neurons, we repeatedly stimulated SG neurons in slices from homozygous mice with light (five 1000 ms pulses, 1 min interpulse interval) to quantify EPSC L latency and spike jitter. We also characterized light-responsive SG cells using morphological and physiological criteria (see Materials and Methods). Unlike spike latency, spike jitter provides a reliable means to discriminate monosynaptic from polysynaptic connections (Li and Perl, 1994; Doyle and Andresen, 2001 ). We classified a connection as monosynaptic in slices from homozygous mice if (1) the EPSC L spike jitter from a given SG neuron was equal to or less than the upper limit of the light-evoked spike jitter (1.6 ms) from homozygous Mrgprd-ChR2-Venus ϩ DRG neurons and (2) Mrgprd-ChR2-Venus ϩ axon terminals were in close proximity to the soma or dendrites of the recorded SG neuron. Based on these restrictive criteria, we found that Mrgprd ϩ neurons were monosynaptically coupled to most of the known SG cell classes, including radial, tonic central, transient central, vertical, and antenna cells (Table  1 , Fig. 5A-R) . The only known SG cell class that was not monosynaptically coupled to Mrgprd ϩ neurons was the islet cell class (Table 1) . In most cases, SG neurons that received monosynaptic input from Mrgprd ϩ neurons also received their primary input from unmyelinated fibers (C-fibers), as assessed by dorsal root stimulation and conduction velocity (Table 1) . This is consistent with the termination pattern of unmyelinated afferents in the SG and with the observation that all Mrgprd ϩ afferents are unmyelinated when imaged by electron microscopy (Sugiura et al., 1986; Zylka et al., 2005) . In addition, we found that the somas and/or dendritic fields of all light-responsive SG neurons were in close proximity to Mrgprd-ChR2-Venus ϩ axon terminals (Fig. 5A-R ), further supporting a postsynaptic arrangement relative to Mrgprd ϩ afferents.
Discussion
Mrgprd marks a population of cutaneous polymodal nociceptive neurons that are required for the full expression of mechanical nociception (Zylka et al., 2005; Dussor et al., 2008; Cavanaugh et al., 2009; Rau et al., 2009 ). In addition, Mrgprd ϩ afferents exclusively terminate in lamina II of the spinal cord, in close proximity to SG neurons (Zylka et al., 2005) . This anatomical finding suggested, but did not prove, that nonpeptidergic Mrgprd ϩ neurons innervate SG neurons. Subsequently, using a genetically encoded transneuronal tracer, Braz and colleagues found that nonpeptidergic nociceptive neurons (many of which are likely to be Mrgprd ϩ ) synapse with a subset of SG neurons in the mouse (Braz et al., 2005) . Considering that there are several morphologically and physiologically distinct classes of SG neurons (Grudt and Perl, 2002; Maxwell et al., 2007) , this raises the question of whether nonpeptidergic neurons innervate a homogeneous or heterogeneous subset of SG neurons. Currently, there are no molecular markers that uniquely distinguish each known SG cell type. In an effort to identify the postsynaptic targets of Mrgprd ϩ neurons, we genetically targeted the light-activated ion channel ChR2-Venus to Mrgprd ϩ DRG neurons. This allowed us to precisely control the electrical activity of this subset of nociceptive neurons and map connectivity using morphological and physiological criteria. Unlike the standard approach of classifying afferent input as myelinated (A␤, A␦) or unmyelinated (C-fiber) by stimulating the dorsal root with suction electrodes, our use of ChR2 allowed us to selectively stimulate a genetically defined class of unmyelinated afferent.
First, we found that ChR2-Venus was expressed in nonpeptidergic Mrgprd ϩ DRG neurons and labeled the central and peripheral terminals of these neurons as effectively as genetically encoded axonal tracers (Zylka et al., 2005) . In addition, we found that light-evoked action potentials could be generated in a majority of all Mrgprd-ChR2-Venus ϩ DRG neurons regardless of whether one or two copies of ChR2 were expressed.
Using whole-cell recordings from spinal cord slices, we found that light-evoked EPSCs could be generated in 50% (134 of 269) of all SG neurons from Mrgprd-ChR2-Venus homozygous mice. Our inability to generate EPSC L s in the remaining SG neurons was not due to recording of cells outside the SG because the borders of the SG are clearly visible under IR-DIC illumination. In addition, our inability to generate EPSC L s in the remaining SG neurons was not due to inefficient activation of ChR2 ϩ axon terminals. A similar percentage of SG neurons were activated in heterozygous and homozygous mice [although the number of SG neurons recorded from heterozygotes (n ϭ 8; vs n ϭ 269 from homozygotes) was too low to permit a statistical comparison]. If activation was inefficient, EPSC L s should have been generated in a smaller percentage of SG neurons from heterozygotes compared with homozygotes since the percentage of ChR2 ϩ DRG neurons that displayed light-evoked action potentials scaled with ChR2 expression level (68% of all ChR2-Venus ϩ neurons in heterozygotes, 94% of all ChR2-Venus ϩ neurons in homozygotes). Moreover, poor cell health could not account for this lack of activation because all of the recorded neurons were healthy by electrophysiological criteria (current-clamp: stable input resistance, resting membrane potential was Ϫ40 mV or lower, and neurons fired action potentials with overshoot upon current injection; voltage-clamp: holding current was Ͻ50 pA, series resistance was Ͻ30 M⍀). Instead, these nonresponsive neurons, which account for 50% of all SG neurons, might be innervated by other molecularly, anatomically, and functionally unique classes of sensory neurons, such as peptidergic afferents, IB4 ϩ afferents that do not express Mrgprd (represents ϳ25% of the nonpeptidergic IB4 ϩ population), TRPV1 ϩ afferents, visceral afferents, and/or Mrgprb4 ϩ afferents (Fig. 5S ) (Caterina et al., 1997; Molliver et al., 1997; Zylka et al., 2005; Liu et al., 2007) . Surprisingly, our studies revealed that Mrgprd ϩ neurons were monosynaptically connected with almost all known SG cell types, with the possible exception of islet cells (Fig. 5S ). This makes it unlikely that molecularly distinct primary sensory neurons synapse exclusively with a homogeneous, dedicated class of SG neuron. Instead, our data suggest molecularly and functionally distinct classes of primary sensory neurons may interface with "SG modules" made up of multiple SG neuron classes (Fig. 5S) . This modular organization for afferent input is supported by our observation that only half all SG neurons are light-responsive and, of these lightresponsive SG neurons, only ϳ50% (Table 1) are monosynaptically coupled to Mrgprd ϩ neurons. This suggests that not all SG neurons receive direct Mrgprd ϩ afferent input. These nonresponsive SG neurons might receive input from other classes of sensory neurons. SG neurons are themselves organized as stereotyped, modular circuits made up of identifiable presynaptic and postsynaptic neurons Perl, 2003, 2005) . Thus, an "SG module" may represent a minimal circuit element that is dedicated to processing modality-selective information in the dorsal horn.
This modular organization could not have been identified using anatomy or molecular markers alone, especially given that no molecular markers exist for every SG neuron class. At present, only a subset of tonic central cells can be genetically marked using prion promoter-GFP transgenic mice (Hantman et al., 2004) . And, a relatively inhomogeneous SG neuron population is labeled in GAD67-GFP transgenic mice (Heinke et al., 2004) .
A modular organization for afferent input has obvious functional and behavioral implications. For example, Mrgprb4 and Mrgprd are both members of the Mas-related GPCR family and are expressed in distinct populations of DRG neurons (Dong et Zylka et al., 2003) . These molecularly distinct neurons innervate different regions of the skin, have terminals that intermingle in lamina II, and likely encode unique stimulus modalities (Zylka et al., 2005; Liu et al., 2007) . Mrgprd ϩ neurons are unmyelinated polymodal nociceptors and are required for full behavioral responsiveness to noxious mechanical stimuli (Cavanaugh et al., 2009; Rau et al., 2009) . In contrast, Mrgprb4 ϩ neurons are unmyelinated and are hypothesized to be low-threshold mechanoreceptors that encode pleasurable touch (Bessou and Perl, 1969; Light et al., 1979; Olausson et al., 2002; Liu et al., 2007; Löken et al., 2009 ). Thus, SG circuit modules could serve to segregate somatosensory information that is sensed and perceived as distinct.
We encountered only one islet cell that was driven by photostimulation, although it was not monosynaptically coupled to Mrgprd ϩ neurons by our restrictive criteria ( Table 1 ). Given that islet cells are relatively common in the SG, representing ϳ16% of all SG neurons (Todd and Lewis, 1986; Grudt and Perl, 2002; Yasaka et al., 2007) , this suggests that Mrgprd ϩ afferents are either not connected or only sparsely connected with islet cells. Interestingly, Perl and Lu found that islet cells are innervated by a more rapidly conducting population of C-fibers whereas central cells are innervated by a more slowly conducting C-fiber class (Lu and Perl, 2003) . Based on the known conduction velocities of sensory afferents, Perl and Lu hypothesized that islet cells were preferentially innervated by low-threshold mechanoreceptors or cooling thermoreceptors whereas central cells were innervated by nociceptors. Our present data support this hypothesis as Mrgprd ϩ neurons function as cutaneous polymodal nociceptors (Rau et al., 2009) and connections between Mrgprd afferents and central cells were common (Table 1) . It is tempting to speculate that Mrgprb4 ϩ neurons, which represent putative unmyelinated lowthreshold mechanoreceptors (Liu et al., 2007) , might disproportionately innervate islet cells. Islet cells are inhibitory and have a dendritic arbor that is approximately twice as long in the rostralcaudal dimension when compared with other SG cell types (Grudt and Perl, 2002) . This could facilitate integration of somatosensory information over a larger area of the body. Perhaps not coincidentally, Mrgprb4 ϩ neurons and low-threshold mechanoreceptors have receptive fields that are larger than the receptive fields of nociceptive neurons (Bessou and Perl, 1969; Wessberg et al., 2003; Liu et al., 2007) .
Ultimately, additional studies will be needed to determine whether other molecularly and physiologically distinct subsets of sensory neurons interface with dedicated SG modules and whether there is cross talk between these modules. This could be addressed by targeting spectrally distinct ChR2 variants to other molecularly defined subsets of sensory neurons (Zhang et al., 2008) . Considering that there are excitatory and inhibitory connections between SG cell types Perl, 2003, 2005; Yasaka et al., 2007; Kato et al., 2009) , SG modules may not only segregate distinct stimulus modalities in the CNS but also facilitate activation and inhibition across stimulus modalities. This circuit organization supports labeled line and convergent mechanisms for processing pain signals and could underlie sensory phenomena that incorporate cross-modality interactions, including itchmediated inhibition of pain and the thermal grill illusion (Craig, 2002 (Craig, , 2003 .
